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EXPOSURE OF THE CASSINI SPACECRAFT
TO HORSESHOE AND TADPOLE

PARTICLE ZONES

Aron A. Wolf* and David A. Seal*

Regions called “horseshoes” and “tadpoles” exist along the orbits of Saturn’s
satellites, within which particles can kle trapped by gravitational interactions of
Saturn and the satellites. Although the extent of particle accumulation in
these regions is not known, trapped particles might post? a hazard to the
Cassini spacecraft. The amount of time spent in these regions is determined
for several sample tours. Methods of reducing exposure time and effects of
these methods on science return and mission operations are discussed. An
estimate is made of how much time can be spent in these regions without
incurring unacceptable risk.

INTRODUCTION

‘MC Cassini spacecraft will fly a four-yeal  orbital tour of Saturn and its Incmns,
conducting an intensive investigation of the Satarnian e.nvironrmnt.  Flight  is prohibited
lhmugh the dense A, B, or C rings or the small 1; and G rings, dLIC to the volume of hazardous
mitcrial  in these regions. l“hc spacecraft will fly through the, gap between the F ancl CJ rings
only under controlled conditions which re(iuce the probability of impacting ring particles to
low ICVCIS1, Ring plane crossings within (he broader E-ring, which extends roughly from 3 to
9 Saturn radii (1-? S), arc permitted (in fi~ct,  they am necessary to achieve CIOSC approaches to
several icy satc]litcs whose orbits lic in tt)is region). ii-ring particles arc estimated to be
nlicron-sizcd2,  too small to cause dam:igc to the spacecraft. However, no deterinination  has yet
been mac!c of the necessity c)f avoiding the regions shape.d like “horseshoes” and ‘“tadpoles”
tilong  tbc orbits of the sate.llitcs.  A study of the spacecraft’s exposure to these regions is
undertaken here to aid in making this dcternlinatiorl,

l’hc principtil object ives of the stiidy  arc to cictcrmine.  the amount of time tbc
spacecraft is cxposecl  to horseshoe aid t:idlmle  regions di]rin~  several sample tours, to make a
preliminary de,tirimination  of the level of risk incurlcd
of reducing exposure time and consider effects these
or operational considerations.

Horseshoes and Tadpoles

as a ctinscqucace, and to find mcthocls
mct]lods might have on science rctlirn

For each individual satellite, the laws of motion of the “restricted three-body
problcm” apply. They treat the system of three. bodies as consisting of a major body (Saturil
in our case), a minor body (a satellite moving about Sat[irn  in a near circular orbit) and a
ilcarly masslcss  ot>jcct (clcb~is,  spacec]-aft, etc.) whose gravity does /102 affect the motions of
the two major players.

“Member of T“eclmical Staff, Cassini Mission Design, Jet F’lopulsion Lal)oratory, Pasadena, California 91101.



“1’hc mijor  bodies of such a system move abou[ the system’s barycenter. ‘1’he  masslcss
body is cons(raincci  to lic ou(siclc certain boundaries in the planet-satclli(c space, depending
on the value of the conslant of integration C in the Jacobi  integral:

V2=2U - c (1]
whclc

2U = (X
2 + y2) + 2Gt)1 ]Irl -t 2Gm2/r2, (2)

In the above equation, x and y arc the components oi [he particle’s position, expressed in a
two-ciil]lcr~siol]  al, rotating coordinate system whose o] igin is at the baryccntcr  and whose X-

axis always poin[s toward the center of the minor bocly;  r, and r2 arc the particle’s distances
from the major and minor bodies; and ml ancl mz arc the masses of the major and minor
bodies. At a particular position (x,y), the greater the particle’s velocity, the smaller the value
of C associated with its motion.

Readers may wish to refer to };igurcs 1 and 2 during the following discussion. ]Jigurc
1 is a schematic diagram of the horseshoe and tadl)ole  ZOIICS in the rotating coordinate
systcm. ]iigurc. 2 presents  “mro-veloci ty contours” for  the Sl]n-J[lpitcr  sYstclll,  W]lictl
provides a good illustration of some of the points discussed below.
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arc IJagrangian cquilibriurn  points.

A z.cro-velocity contour can be drawn in the rotating rcfcrcncc  frame for any value of
C by setting V = O in the above equation. Near cithc[  the major or the minor body, these
contours arc circular and concentric, and C decreases with distance from the body. However,
in the region near the satellite’s orbit (but away fro] n the satellite itself), they assume the
characteristic horseshoe and tadpole shapes shown in tile flgarc.
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Approaching (he satellite’s orbit from the dirc>ction of the m:ijor  bocly, the contours
break from [heir circular shape as C is reduced and assllmc the shape of a horseshoe with the
satclli(c  at the open cnci. As wc get closer to the satellitr’s orbil, with further clccrcasc in C, the
horseshoe narrows, and its length shrinks. Approaching closer, C de.crcascs further until the
horseshoe splits into two rcgicms  roughly shaped Iikc tadpoles. ‘1’hcsc  first appear to bc joined
at their tails at the 123 Lagrangian point (opposite the satellite’s position). Contours of lower C
appeal as progressively smaller tadpoles surroundil]g the two “I .a?,rangian l~qllilatcral
l’oints.” Onc of these points, labeled 1-4, Icads the sate.llitc’s position l)y a 60° angle; the other,
Iabclcd 1.5, trails by 60°. ‘1’hc tadpoles clccrcasc in sim as C’ dccrcascs until local minima arc
rcachc(l  at the 1.4 ancl 1.5 Lagrangian  points. 7.ero-velocity curves arc explained in greater
detail in Rcfs. 3, 4, and 5.

A particle placed at 1.4 or L5 with zcrc) velocity (in the Iotating frame) stays there,
bccausc no resultant force acts on it. A small displacement (or the addition of a small
velocity) causes the particle to Ii brate in the, vicinity of (he point, If the major body is at least
25 times more massive than the minor body (as is the case for Saturn and all its satellites), the
motion in the vicinity of the 1A and 1.5 points is stable (i.e., the particle will not depart the
vicinity of the 1,4 or 1.5 point). According to Dcrmott and Murtayf,  the shape of the pat}]
along which such a particle librates  closely corresponds to the shape of its associated zero-
vclocity  curve, Numerical integrations of particle trajectories have been performed by Z,hao
and 1.iu4 which show th:it over long periods of time, particles travel within regions which
rcscmblc (1]c 1IOMCS11OC  and tadpole shapes of the zero- velocity curves.
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K’igurc 3 ‘1’hc orbit of Jupiter + 80 Trojans Figure 4 The orbit of Jupiter + 80 Trojans,
(epoch: Ircl)ruary 1, 1994) edge view (epoch: Vcbruary 1, 1994)

‘1’hc IarScst horseshoe contour sepa[-ates the concentric contour sets about each body
from the horseshoe/tadpole rcg,ion. At its open end, near the satellite, the inner and outer
branches rejoin and C1OSC off, forming a nearly spherical region about the satellite. It appears
that this region near the satellite is a “clear 7,0ne,” cor)tinuously  clealccl of possible Saturnian
system debris by chaotic particle motion. l’hc effect of bodily sweeping particulate rnattcr  out
of a trajectory “tube” is a complex n-body process. lndccd, the entire horseshoe/tadpole
construct is based on the restricted three-body problcm, which fails to take into account
gravitational effects of more than onc satellite and nOII gravitational forces upon the particle.



‘1’hesc  i n t e r a c t i o n s  arc mmp]cx,  anc[ fUlthC.1  WOIk HIUSt bC UIl(iCltakcn  tO flll]y  undcrstan~
[Ilcm.

Debris population in horseshoe/tadpole regions

Nature doe,s  indeed display  ex:imp]cs  of captUrCd  objccls  in such regions, the most
famous being the “’1’rojan Satellites” of Jupi[cr,  clearly observable through tclcscoi~cs,  These

objects arc asteroids, captured by the planc[  Jupitct to lead  or follow it in its orbit at the 600
c.quilatcrai  I.agrangian  points . Figures 3 and 4 graphically depict this tadpole capture
phcnomenc)n,  plotted by llcnder’.

An overlay of l;igurcs  2 and 3 (which were intentionally produced at the same scale)
shows that tbc actual population of objects at the epoch of the. plot extends beyond the
boundaries of the tadpole region. This shows that the aclual  captured material distribution
may not strictly conform to the restricted three-body model, but is definitely held in a pack
ccntcrcd on the 1.4 and L5 points. There arc at present 184 “1’rojan asteroids known. ‘1’heir
diameters must cxcccd  about 10 km in order to bc visible from J;arth. The amount of smaller
debris is not known.

Another three examp]cs  of 1.4/L5-type debris were discovered in the Saturnian system
during the Voyager I flyby . These are Satellite 19S0 S 13 at the 1,4 point of Tethys, Satellite
1980 S25 at the 1.5 point of Tcthys,  and Satellite 1980 S6 at tlm 1.4 point of Dionc. These
discoveries arc clear warning signs that debris cxis[s  ancl ~ravitational  interactions can keep
these small Saturnian satellites permanently anchorrd to their big~er  satellite neighbors.

in addition, small, perhaps microscopic debris has been shown to exist in the so-called
1; ring (callcci  the 1) ring in original discovery papc~sy). Duling  opportunities to view Saturn’s
rings edge-on from Earth,  the E ring showed up photographically as a fuzzy haze extending
from about three to nine Saturnian radii (1< S), enconlpassing  the realm of the five icy satellites
of Saturn (Mimas,  ]incc]adus,  ‘1’cthys, Dio]tc  and Rhea). Maximal thickness was observed at
the orbit of ]lnccladus,  the satellite with the youngest, smoothest surface structure of the sets.
1[ is conceivable that this satellite, positioned in tile middle of the group, experiences the
strongest tidal effects an(i supports volcanic geyser activity, with part of the eruptions
cscapir]g  Iinccladus and merging into the Ii ring. ‘1’he frozen droplets of unknown size may
in fact form the bulk of the observed I;-ring haze’~ 1’”11’12’13.

Radially narrow magnctosphcric dcplc~ions  known as “nlicrosignaturcs’)  also provide
some evidence of the co:ilcsccnce  of pal-t iclcs  in the satellites’ ol-bi[s. These microsignatures
have been obscrvccl  by l’ionccr  and VoyaEcI in the orbits of Mimas, Hnceladus,  Tethys,
I)ionc, ancl Rhea (but not Titan), and have bccll  gclwrai]y attr’ihutcd tc) clumpy material  which
]nay bc sporadic or somehow shcphcrclccl. ‘1’he mat~:rial  may bc of concern to the spacecraft,
although it has low optical depth which probably defies dire.ct imaging.

Particle Models

A numhcr of investigators have WOI kcd on the particle size distribution problem. Neil
llivinc’s  extensive work at JPLi4 summarized the then available information and proposed
three distribution models of varying conservatism These models are based primarily on
imaging data from Iiarth at Saturn’s ring plane crossings in 19S0 ancl data from the Voyager
1 and 2 flybys in 1980 and 1981. Several distributions are. considered, from “nominal”
conditions to more conservative wors[-case cstinlatcs,  where intermediate-si~,ed particles
dominate the population of particulate matlcr.  Of pI imary intclcst  arc the particles of 1 ()”4 to
1 ()”2 grams which can damage critical spacecraft surfaces such as lhc main engine, propellant
tanks or the electronic bus. I.css massive parlicles  are also of interest in evaluating optical
surface dcgraclalion  :ind measurement by science illslrumcnts.



l)ivinc’s small and intermediate particle models have been USMI to assess risk. In the
small particle  mocicl,  the mass and numbc[ of particles arc conccnlratecl  in (I)c smaller sizes.
‘1’hc intcrmc.diatc  Inmlcl predicts most of the mass is in the mcdiull]  to large par[ic]e,  si~cs,
though the smaller particles still clominatc  in numt)crs.  l~ivinc  also incluclcs  :i Iargc parliclc

model, but this is not included in the prcscl)t  analysis. In this  model dlc mass and number of
par[iclcs  is concentrated almost exclusively in the Iargc sizes. Mot-c rcccnt workt has stl[)w[l
(his is highly unlikely.

l)ivinc’s  m o d e l s  t r e a t  [hc r ing plane as hornogcncous,  and do }]ot if]c]~ldc  ~i[ly
variation in par[iclc  density in horses!loc  or tadpole regions. h40dcls  of particle densities
specific to these regions arc difficult to develop because of the almost complctc lack of clata
on the regions. ‘]’hc rallgc of distances covered by Divine’s models includes the main inner
icy satellites. l’rcsumably,  the material trapped in satellite orbits is similar in nature to the
material predicted by the models to be near the satellite’s orbit, perhaps having been trapped
over time through a variety of dynamic processes.

in [his analysis, IJivinc’s  models arc used directly to compute flucnccs and hit
probabilities for the trapped particle regions arout]d these icy satellites. I/or conservatism, a
somewhat arbitr:iry  factor of 10 scaling in flucncc is appliccl  [o the taclpolc  regions. No
scaling is appliccl  to the larger horseshoe. regions. The models arc applied to Titan orbit
crossings as WC1l as those of the icy satellites, even in the abscncc of microsignaturcs.  Efforts
to improve modclling  of particle densities in horseshoe and tadpole regions arc ongoing.

l)ivinc’s  ring-plane theory models the ri]ig  planes as Gaussian clistributions  with
thicknesses and particle size distributions varying with distance from Saturn. I;or spacecraft
traveling through these areas it is appropriate to model particulate conccntl-ation  in terms of
the number of particles larger than a certain size per unit volume. This is logical because
particles of any siz.c cxcccding the mass threshold for a spacecraft suhsystcm  arc of concern.

I’article clistributions  have been e.xprcssed  by Divine as logarithmic functions
containing the mass threshold of the component of interest as follows:

log pa = c1 + Cz log ill ( 3 )

where p:( represents a size distribution and C] and C2 are cons[ants  cle.tcrmined from particle
zone observations. I lcrc n~ is the minimum pal title mass w’llich causes failure of the
vu!ne.rab]c  suhsystcms.  ‘1’hc  threshold mass m dcpc]lds on the nature of [he component as well
as the speed of the particle, and is given by:

IOgm = logmo  + p log v (4)

where V is IIIC spacecraft-relative particle velocity in km/see find n~[, and ~ arc dctcrmincd
from the material and construction of the subsystem.

‘1’hc  following tables ( 1 and 2) dcscribc the mission-critical failure modes which may
bc caused by particle impacts on the Cassini spacecraft. Pal[iclc  impacts on the last two
subsystems (shunt radiator and RTGs) cause clcg[ adation of the mission, but not mission
failure. ‘1’:iblc  2 contains the effective areas and mass thresholds for these subsystems.

Variables which contain the subscript “a” arc relcvallt  to those particles greater in
mass than m above. l~or these studies, the dc]lsity  of all par[icle.s  is assumed to be
approximatc]y that of water ( 1 g/cm3). With this fixed-density assumption, mass on) and sixc
(a) clistributions  have a one-to-one correspondence.



Table 1
SUBSYSTEMS VULNERAEJLE  TO PARTICLE

IMPACT-FAILURE MODES

Subsystem F-ailure fvbde Failure Ffesult
—- —.. —

B~ropelant tanks puncture tank bssof propulsion
Hydrazine tank puncture tank no RWA unbads;  Iossof  atf~ude control

Pressuranttank puncture tank F)tdSinblowdown  node
Man engnes damage nozzle  coafino el~ineunl!sab16!  ;11~Jn]4hmugh
Bus(MLI) pierce shear plate bssofelrxtronics i] bay
Bus(Louvno CV) pierce shear pfate bssofelextronics i) bay
Bus(Louvw/cv) pierce shear pfate bssof electronics i) bay
Shunt radiator’ damage heater circuits degradation ofpoweroutput

RT@ ‘ darnacjetherrnccouples bssofpower cutput
—— ——. .-

‘ Degradation, not mission faiure.

Table 2
SUBSYSTEMS VULNERAE3LE  TO PARTICLE

IMPACT-AREAS & 1 HRESHOL[)S

Subsystem
Bipropellant tanks
Hydrazine tank
Pressurant tank
Main engines
Bus (MLI)
Bus (Louv no CV)
Bus (LOUV W/CV)
Shunt radiator
RTGs

Max. .Area (nl~
3.17
0.20
0.32
0.20
0.65
0.39
0.26
0.66
0.22

bg—mo  M
--0.523
--0.824
--1.’222
-.2,$]60
-1.144
-1.144
-0.691
-1.574
1.803

b

–1.000
-1.000
–1 .000
–1 .080
-1.322
-1.322
-1.152
-1.807
-2.515

The concentration of par[icles greater than a certain size a is ‘expressed in Divine’s
Inoctcls  as:

#/2a:)
N{, = Kl)(, :---- _ _ _

CTz 42 K
(s)

where Ncf is the particle concentration (number c~f particles greater than size a pcr cubic
meter), K is the particles’ geometric cross-scctiotl  per unit area, z is the height from the
equatorial plane, CEZ is the height parameter of the Gaussian distribution, and pa is the
cumulative sir.c  distribution of particles in m-2. Divine’s rnodcls account for the selection of
K, pa and W, which all vary with distance from Saturn. i:urthcrmo]-c,  pa varies with choice  of a
mass threshold determined by the vulnerability of individual subsystems to particles. The path
of the spacecraft (which dctcrmincs  z as a funclion  of time) is integrated in a later step. The
parliclc  f l u x  i s  t h e n  cornpulcct:

(6)

where .la is the particle flux (numhcr  of particles ]Icr m2 - scconcl),  V is the speed of particles
with respect to a spacecraft surface, and q is the weighting function based on how the surfaces
arc oriented with respect to the incoming particle. 1 ‘or sirnplicit y, q has been assumed to be I
(i.e., all surfaces arc faced {iircctly  into the particle stream).

l:lucnces,  expressed as the nurnbcr of particles cxpcctcd I)cr square meter of exposed
spacecraft area, can now be calculated:



l’. == J .l(,(ll (7)
t~

which i[l(C.~IiitCS  (he  path of the spacecraft through the parlkle  region from time t 1 to 12. ‘1’he
integral  can k rewritten in terms of the distance : from the ~ ins plane or z Ca]cula(c(l  aS  [I

function of time.

lducnccs arc calculated for each spacecraft subsystcm, s~lmmccl  for all horseshoe
and/or tadpole 7mc crossings, and combined with the areas of the subsystems to produce a
total  impact  probability (assuming a Poisson distribution) for a set of Zone crossings:

~(AFct)i

P= I--e i (8)

where A is the subsystem area and l;a  is the sum of fluences  of particles greater than size a.

Dimensions of horseshoe and tadpole regions

A number of researchers attempted to assess  the width of the horseshoe and tadpole
bancis  and their structure in and out of the orbital plane of the lnajor  two bodiess’  8. ‘I%e last
set of horseshoe/[adpolc characteristic sizes was ~fc,dyccd  by Burns, Kolvoord  and Hamiltonls
and later rc-cva]uatcd  ancl confirmed by I)ivinc . 1 hese values arc shown in Table 3. These
authors use(i  formulations more complex than tllc restricted [hrce-body problem, and the
zone widths they computed arc somewhat smallm  than those obtained using the restricted
three-body for-mu lation.  It is possible that effects remain which arc still unaccounted for in
any of th&c references
alter the result,

DIMENSIONS

SATELLITE

Mirnas
Enceladus
Tethys
Diorm
Rhea
Tilan

STUDY METHOD

l’bc t3rincipal

(such ‘as gravitational intet actions bet wc.en the satellites) which may

Table 3
OF HORSESHOE, TADPOLE, AND CLEAR Z O N E S

(See Figure 1 for illustration)

TADPOLE HORSESHOE
RADIUS f{ ADIUS CLEAR ZONE
DI@fY!m [) rJJ K_M ) Yrnnl-LK!3!U

55 375 7500
101 614 12055
355 1520 28000
590 2300 41000

1230 4200 71000
22000 38000 450000

source of the results Prcscn[ed here. is the STOUR program, which is
used in the initial  ‘stages of tour design. Sr~OUR uses a “zero sphere-of-;nfruence patched
conic” algorithm, in which both Saturn-centered and satellite-centered orbits are propagated
using two-body conic methods and then “patchccl” together to create an approximation of a
tour trajcc(ory. Trajectory propagation is fast, but some accuracy is sacrificed for speed.

l’hc ability to model horseshoe and ladp{)le  regions in a rudimentary fashion w:is
incorporated into STO~JR.  lhc model makes several simplifying assumptions, illustrated in
l~igure 5. The regions arc assumed to bc sections of a torus with a circular cross-section. A
horseshoe region is modeled as a torus with a “chunk” takcll out in the vicinity of the



satcl]itc  (rc.prcscntin~  the clear zone). Tadpoles arc sections of [i Iorils ii] the vicinity of r.ilbe.r
the 1.4 or 1.5 Iibration points .  (For s implici ty,  S’1’OLJR dOCS not mociel  the ch:iracteristic
“tac]polc” sh:ipc of these regions, thus ovcrestirmiting  the spacecraft’s cxposiirc  to t:idpole
rcgioi]s. ) The WIIUCS listed  in ‘I”ablc 3 arc used to define the horseshoe. and tadpole regions for
Saturn’s inncrinost  six satellites. This toroidal  model dots not take. (hc eccentricity of Ihc
satellites’ orbits into accoiint.  The torlis  is centered on a circle whose radilis  is cc][ial to the
siitcllitc’s  :ivcrtigc orbit:il r:idiils.

p-kg;.
X7.”:”. . “Satellit~:A/’  \

y“clear zone ,’ ‘“Y

Tadpole regions

JK. . . )R). 1Horseshoe region -- .,.>. . . . . . ‘ J

deg.

Figure 5 STOIJR  horseshoe and tadpole ZOIIC modeling

Givcil the cuircnt  state of our knowledge aboLit these regions, these assumptions are
not bclicvcd  to bc crippling. However, neither should they bc considered acclirate  for an
individual tolir.  Any sainplc  toilr trajectory prcscntc.d  here would change if slibinitted  to the
optiiniz.alioil  :iild integration process, and tl)c ainouilt of time spent ii] horseshoe and tadpole
regions wmild change as a result. Also, adoption of more ctctailcd  horseshoe/tadpole models
woiilcl :iltcr  the ailloili]t  of exposure for ari indivictiial  toui. Ncvcl-the.tcss,  we. tmlicvc  ttiat the
results of this s[ildy  are attcquate  to form ccr[ain coliclusions  aholit  exposure to these regions
for different types of toilrs  which arc not materially affcctcd by [he inaccuracy of these
assumptions.

In oi-dcr to accoinp]ish  these objec[ivcs, six sample tolils (numbered I through 6)
were cvalilatcd  for exposure to horseshc)c  and tadpc)lc  regions.

RESULTS

Rcsli]ts  obtained from STOUR for all six s:iinple  tolirs alc discussed here., but in the
interest of blcvity, graphic illustrations are included here onty fot two tours ( 1 and 6). 1’]ICSC

are shown in Iligures 6 and 7. Because Mimas,  Iinccladus,  Tethys, IJionc, and Rhea arc within
the E-ring and Titan is not, we have chosen to prescilt  the data for Titan separately from these
inner icy satellites. ljivc plots are included for each sample tour. ‘1’hc  first two S}1OW  the time
spent (iii miilutcs)  iil the inner icy satellites’ horse.shoe and tadpo]c  regions bc[wecn each
flyby aild the next (e.g., “’1’1” signifies the leg between ‘1’itail  1 and Titan 2). (Note that a
trajectory scgincnt  between two flybys oftcti  consists of more than onc rcvoliition  around the
planet !). ‘1’hc next two plots show the time spent in Titai)’s horse.shoe and tadpole regions.
‘1’hc last plot SI1OWS  the orbital inclination profile thi ougbolit the tour.

I
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A summary of horseshoe ant] taclpolc  exposure times (it] hours) for all six tours by
satellite, is shown in Tab]c 4.

T a b l e  4
HORSESHOE AND TADPOLE CROSSING DURATIONS

(IN HOURS) BY SATELLITE

Tour 1
Tour 2
Tour 3
Tour 4
Tour 5
Tour 6

Tour 1
Tour 2
Tour 3
Tour 4
Tour 5
Tour 6

HO RSESHC~ES
TOTAL

Mirn.as  Enceladus T. Ethy_s D.i.ome R h e a  LC.Y .sA-&S Titan

0.00 0.29 8.43 6.71 13.23 28.67 204.11
0.00 0.00 0.44 4.50 6.96 11.90 76.79
0.00 0.00 0.44 3.90 6.31 1 0 . 6 5 195.03
0.00 0.00 0.00 5.68 9.98 15.67 109.94
0.00 0.00 5.17 3.74 11.59 2 0 . 5 0 170.37
0,00 0.00 1.82 1.77 3.61 7 . 2 0 218.72

l A D P O L E S

TOTAL
M i m a s  Enceladus  Tet_hy_s  DJoae Mha. [C~__SATS Titan_—— ———

0.00 0.00 0.08 0.19 1.07 1.35 40.17
0.00 0.00 0.04 0.03 0.22 0 . 3 0 6.71
0.00 0.00 0.04 0.00 0.19 0 . 2 3 25.28
0,00 0.00 0.00 0.04 0.32 0 . 3 6 14.27
0.00 0.00 0.17 0.09 0.34 0 . 5 9 17.40
0.00 0.00 0.04 0.00 0,00 0 . 0 4 45.01

TOTAL
ALL S=

232.79
88.69

205.68
125.61
190.87
225.92

TOTAL
ALL SATS

41.52
7.01

25.51
14.63
17.99
45.05

Astllct:il~lc  sl~c>ws,  nci[hcr  thehorscshoe  ]lorttlet:ici~>olczo]~cof  Mimasis  penetrated during
any of the sample tours. Encclaclus’  11 OMCS11OC is pcnctratcd only in tour 1, for a total of 18
minutes; its tacipole  zone is not pcnctra[e.d at all. “1’his is bcc;iosc the periapse o f  t h e
spacecraft’s orbit rarely dips below the orbits of eitlwr oftllcsc  two satellites.

‘1’hc  spacecraft spends roughly an order of magnimdc mom time in Titan’s horseshoe
and tadpole zones than in those of the inner icy satellites. ‘1’here arc three reasons for this.
liirst,  ‘1’itan’s  z.ones arc larger. Scco]lc{, the spaccclaft is further from periapsc,  ancl traveling
more slowly, near ‘1’itan. Third, the number  of crossings of Titan’s zones in a tour can be
greater than that of the inner icy satellites’ zones hccausc Titan ?onal crossings can occur at
any inclination, whereas crossings of the inner icy satellites’ mncs  occur typically at low
inclinations only. Reasons for this arc explained in fycatcr detail later.

l’ime spent in [he tadpoles is 1-’2 orders of magnitude less than time spent in the
horseshoes. For comparison, the total volulne of both of Titan’s tadpole zones is 9.8% of the
volume of its horseshoe zone.

Impact probabilities assuming both one. and two intact main engines at the start of the.
tour were ca]culatccl  for each sample tour using ])ivine’s  moclcls.  ‘J’hcsc are quite low. The
larg,cst  impact probability for two engines intact is 2x 10-6 (for Tour 1); for one engine intact,
the
Itlc

largest probability is 2x 10-5 (also for ‘1’our  1). Although inlpact probabilities arc small,
inadequacies and uncertainties of the current n]t)dcls arc large cnought  that a conservative



approach is Icquircd.  An investigation of strategies of tivoidins  horseshoe and tadpole z.ones
is a ncccssary pail of such a conscrva(ivc  approacl~.

‘1’hc plots  show that zone passages occur only 011 SOInC Icgs, while other orbits arc
completely free of sach passages. IXlring  portions of tours, a rcpca[ing  cycle.  exists in which
significant horseshoe z,onc exposure shows up cvcl y o[hcr [r:ijcc[oly  Icg with no cxposorc on
al[crnating  Icgs. la other portions of tours, the spacecraft fllcs for several orbits withoat any
horseshoe p:issagcs at all. An explanation of the reasons for the existcncc of these patterns is a
first step in considering methods of avoiding the zones.

Horseshoe crossings in near-equatorial orbits

When the spacecraft’s orbital inclillatic)n  is within a dc.grcc or two of Saturn’s cqllator,
the spacecraft passes tbroagh the horseshoe (or clear mnc)  of any satellite whose orbital
radius is bctwccn  tbc spacecraft’s apoapse. and pcr iapsc. l:igurc  8 shows schematically how
horseshoe cxposorc time can accumulate on a single trajectory lcg bctwccn  two flybys. As is
typical throughout large portions of the sample tours, the spacecraft’s apoapsc in this
example is beyond l’itan’s orbit, and its pcriapsc is below the orbit of l>ionc.  As the
spacecraft proccccts  inbouncl  from apoapsc,  it traverse.s the horseshoe zones of l’itan,  Rbca
and l)ionc. All these zones arc traversed again on the outbound leg after pcriapsc.

V’igurc  8 Typical low-inclination orbit, showing several horseshoe crossings

l;urthcrmorc, a leg between two flybys (~ftcn contains more than one complctc
mvolation. ];or example, the ‘1’itan  18 flyby of tour 1 is inbounci,  and Titan 19, an outbound
flyby, occurs about I - 1/2 revolutions later. Two pcriapsc  passages, but only onc apoapsc
passage, take place bctwccn  these two flybys. lJionc’s horseshoe is crossed follr tilncs
(int~ollnd and ~Lltl~ollnd  for cacll  pcriapse  passapc) Rtlca’s (brcc t imes,  and Titan’s twice
(ll~t~ollnd  and otltt’o~lnd  for cacll  apoapsc  passagw). Rhea’s orbit is actoally  c rossed  four
tlrncs,  but a nontargctcd  flyby of Rhea occurs at onc of the crossings. The spacecraft passes
through the clear zone C1OSC to the satellite, and enters neither the horseshoe nor the tadpole
mncs.  Thus, when several revolutions t:ikc place bctwccn two flybys, many horseshoe
crossings can occur bctwccn thcm. The squencc and darations of crossings on this lcg is
shown in Table 5.

O t h e r  legs  contain less than onc cornplctc rcvolation, and no pcriapsc passages .  I:or

example, in tour 1, the Titan 17 flyby is outbound, and the ‘1’itan  18 flyby is inbound, wi[b
Ic.ss than onc revolution bctwccn  thcm. No pass:igcs  through the inner icy satc]]itcs’



1VM’SCS}1OCS occur on such legs, bccausc the spacecraft is always outside the orbits of (he inner

icy satellites.

Table 5
SEQUENCE AND DURATION (IN MINUTES) OF Z O N E

T18-T19 TRAJECTORY LEG, TOUR 1

HORSE- TAD-
MT ELLITE SHOE——. .— POLE—.-— SAT EL LIT~.

~fl:] 18, Inbound) (Apoapse)
22.3 TITAN

CROSSINGS,

HORSE- TAD-
SHOE pCo_LE

239.5
DIONE 29.0 (Rhea nontar{]eted - pass thru clear zone)
(Periapse) DIONE 29.0
DIONE 8.5 ~;;:se)
RHEA 23,5 6.9 8.5
TITAN 239.5 RHEA 23.5 6.9

(Titan 19, Outbound)

~’hc plots show a repeating cycle of significant horseshoe exposure on one trajectory
Ic.g alternating with none on the succeeding leg ill portions of some tours. This pattern is
associated with a sccluencc  of targetccl  flybys usccl  to rotate the line of apsidcs  of the
spacecraft’s orbit. Orbit  rotation is accomplished by changing period at a tar.gctcd  flyby, and
is necessary to allow the spacecraft to sample different regions of Saturn’s magnetosphere
and to achicvc divcmc viewing gcomctrics  of Saturtl  and its satellites. The direction of rotation
depends on whether the flyby increases or decreases period ancl whether it is inbound or
outbound’~.

Continuous clockwise rotation is p]oduccd by altcrnatin~ inbound, period-increasing
flybys with outbound, pcriocl-rcc]ucing  ones. Counter-clockwise rotation is proclucccl  by
alternating inbounci,  period-rcclucing flybys with outbound, pctiod-increasing ones. ]n bo(h

of these scenarios, i[]bolll]d-to-ol]tboll~~(l  legs (with more than mle complete revolution, two
pcriapsc passages, and significant horseshoe exposure) alternate. with outbound-to-inbound
legs (with Icss than onc complctc revolution, no peri:ipse p:tssages,  and no horseshoe
exposure).

A flyby scqucncc of this type requires near-equatorial i[lclination.  “I-hc plane of the
transfer orbit bc(wccn any two flybys is formed by the Saturn-ccnterect  position vectors of the
satellites at [hc two flyby times. If the angle. bctwectl  the position vectors is other than 1800 or
360°, the orbital plane formccl  by the two vectors is unique, ancl lies CIOSC to Saturn’s equator.
So, for i]]tjoll]]cl-~)  l]tt~oll]lcl  or olltt~oll!]d-il]boll[ld  transfers, inclination must bc near z.cro
unless the transfer angle is I 80° (which is not usually the case).

Horseshoe crossings in high-inclination orbits

A comparison of the inclination profiles and zone crossing dura[ion  plots for the
sample tours shows that exposure to the zones of the inner icy satellites is greatest at low
inclinations and rarely occurs at inclinations above ;i few degrees. ‘Ilis  is bccausc the radii of
the zones are small, and because they arc located near the satellites’ orbit planes, which arc
close to Saturn’s equator. An inclination of a 1’CW ctcgrecs is sufficient to clisplacc  the
spacecraft vertically out of the zones unless one of the two nodes (the points where the
spacecraft crosses the equatorial plane) occurs at the orbital clistallcc  of onc of the satellites. If
a noclal crossing dots occur at the orbi[al  distance of onc of the satclli[cs,  a ho I-scshoc  passage
occurs regardless of inclination unless the spacecraft is C1OSC enough to the sa(cllitc  to bc in its
clear zone.

l’hc plots show that crossings of the horseshoe and tadpole zones of Titan, unlike
those of the inner satellites, occur at high as well as low inclinations. This is because one of



the two nodal crossings cm every orbit must occur at the orhi(al radius of Titan, due to the
integral role ‘1’itan  flybys have in any Cassini tour 7’hc spacecraft is always either cornin~
from m going to a Titan flyt)y (or both), which nwans crossin~?,s  of Titan’s orbit occur on
every revolution, wkthcr  or not Titan is nmrhy at the time. in what may seem a paradox,
crossings of ‘1’itan’s  zones occur cm revolutions which do nol contain ‘1’itan  flybys. On
revolutions containing Titan flybys, the spacecraft passes CIOSC enough to Titan to bc in the
clear mnc,  and no zone passage occurs.

Given that one node always occurs at Timn’s  orbit, it is possible to calculate the
spacecraft’s distance from Saturn at the other node for any combination of pcriocl  and
pcriapsc  r:ictiils.  ‘l%is ii~forination  can be usccl to :ivoid  combinations of period and periapsc
which place a node at the orbital raclius  of any of the inner icy s:itellitcs,  which allows us to
usc inclination to st:iy oilt of these zones enlircly.

It is then possible to avoid situations like tlic one on the leg from Titan 5 to Titan 6 of
tour 6. On this  leg, five crossings of Ilionc’s ttorscshoc,  totalins  42 minutes, occur (one for
each of five pcriapsc passages between [hc two Til:in flybys) cvc.n tholtgh the ii~clination  is
almost 23°. [Jsing a different period/pcriapsc combination, all flvc could be avoided.

Tadpole crossings

l;or this study, each of the two [a~ipo]c I egions associ:itcd  with each satellite was
assumed to c.xtcnd  over a 60° arc (from 40c’ to 10OC’ from the s:itcllite’s  position), as shown in
Figltrc  5. The radii of the tadpole regions :irc. smaller than the horseshoes (i.e., the tadpoles
arc entirely contained within the horseshoes). A h{wseshoc crossing which occiirs  within the
:ingill:ir  and radial limits of a tadpole region is a t:idpole  cmsing :is well.

I.ikc horseshoe crossings, tadpole crossingy which occur at low inclinations can be
climin:itcd  by increasing inclination, providccl they do not occur at a node. Crossings at nodes
occilr  even at high inclinations, and cannot be eliminated Linlcss  tlic riodc is moved. It is often
possible to move the node away from the orbi[ of onc of the inner icy satellites. However,
bcctiilse of the freqilcncy  of Titan flybys in the, tolir,  it is not often feasible to move a node
:iway from Titan’s orbit. l~urthcrrnore,  rcsonancr of the spacecraft’s orbital period with
“1’it:iil’s  gives rise to a reglilarity  in the occlirrence  of Titan tadpole crossings. Crossings of the
inner icy s:itcllitcs’ tadpoles occilr  with 110 such rcglilarity,  bcciiLisc the orbital periods of
[hesc s:itcllitcs  arc not conlmcnsiirablc  wilt) that of ‘1’itan.

T h e  tr:ijcctory  leg bctwccn  ‘1’itan  8 a n d ‘1’itan  9 of toilr  4 illustrates how passages
through Titan’s tadpole regions arc incvit:ibly  associated  with certain resonances. These two
flybys fire both outbottnd.  Between them, the spa(ccr-:ift  complctc.s  five full revolutions and
l’itan  complctcs eight. lnclitlation  is 20° The descending node occurs at l’itan’s  orbit, and the
ascending node is at 5.5 1<S, bctwccn  the oi bits of ‘1’cthys  and IJione (and outside horseshoe
and tadpole zones).  ‘1’hc  spacecraft’s pc.rioci  is approximately 25.5 d:iys (1.6 x ‘1’itan’s  orbital
pe.riocl). IItlring each complete spacecraft I evollitioli, Tjtan travels 216° filrther  arolind Saturn
than the spacecraft. The spacecraft crosses Titan’s orbit at a point 144° ahead of Titan after
the first sp:icccraft  revolution, 70° behind after two revolutions, 72° ahead after three
rcvol~it  ions, and 145° bchii~d after fo~ir revolutions. These crossiilg  points are spaced cvcnly
[iroilad  Titan’s orbit. The second and third cross in~:s fall within the angular limits of tadpole
zones (SCC also Figure 5). This gcoinetry  occurs wtlcncver  five flill spacecraft revolutions take
place bctwccn flybys, regardless of orbit period.

Siinilar analysis may bc used to exziminc other  sitiiations  in which integral numbers of
spacecraft revolutions occur between flybys. Table 6 shows the nlirnbcr  of Titan tadpole
crossings expected for up to nine complctc spacccr  aft revohitions  bctwccn flybys.

‘1’hc table shows that, in high incliri:ttion  orl)its,  Titail  tadpole crossings can be avoided
if the sp:icccraft  never travels inore than tlircc  cony)lcte  revolutions between Titan flybys, and



that crossings arc inevitable if four or more spacecraft rcvo]u(ions o c c u r  Ijctwccll  ‘ ] ” i ta l l

f l y b y s .

Table 6
NUMBER OF TITAN TADPOLE CROSSINGS EXPECTED BETWEEN FLYBYS

#_S/C Re.v.s # Tadpok._Crossits #.SIC.  R e v s #_Ta_dpole  Cro_ssi.ngs
2 0 6 2
3 0 7 2
4 2 8 4
5 2 9 4

STRATEGIES OF AVOIDING THE INNER ICY SATELLITES’ ZONES

‘1’he  most obvious way to avoid the inner icy sa[cllitcs’ ~oncs is to keep inclination
high enough [o avoid thcmthroughout  the entire tour (while also making sure the spacecraft
ctocs not cross the equator near the orbits of any of these satellites). ‘l’his  has the side-effect of
rcclucing  the number of opportunities available for icy satellite. encounters, because these
opportunities are much more plentiful when the spacecraft orbits near the equator.

Alternate strategies can bc used in which inclination is kept high at the beginning of
the tour while in-situ observations of the Saturniatl  cnvironmemt arc made to better evaluate
the debris hazarcl. Inclination can then be lowered 10 near [hc equator if the risk of doing so
is dctcrmincd to bc acceptable. The project could I-rtain the option of redesigning the tour to
keep inclination high if the risk is found to be unacceptable.

Inclination can be kept above a few degrees either by using transfers of 180° or 360°
or by incorporating “broken-plane” maneuvers iltto  the tour. If the transfer angle between
two flybys is either 360° (i.e., two flybys occur at the same place) or 180°, an infinite number
of cwbital planes connect the flybys. In this case, the plane of the transfer orbit can bc
inclined significantly to Saturn’s equator. We can also say that if inclination is more than a
few cicgrccs,  the transfer angle between the two Titan flybys fol ming (1]c orbital plane rnus~ be
nearly 180° or 360° (or an integer multiple. thereof).

IIrokcn-p]anc  maneuvers can bc used for transfer angles other than 180° or 360°,
expending propellant to raise the inclination of o[-bits  which otherwise would be ncar-
equatorial. Such plane-changing maneuvers arc typically cxccu[cd  near apoapsis where the
spacecraft’s speed is slowest. The two methods C:II1 bc combined. with portions of the tour
consisti]lg  solely of 180° or 360° transfers and other’  portions containing broken-plane
maneuvers. llach choice has consequences which can bc explored.

Transfers of 180° or 360° only

‘1’itan-’l’itan  ransfcrs of 180° can only occur if both the ascending and descending
noclcs  occur at the Titan’s orbital radius’$. This restricts their usc to a specific set of orbital
gcomctrics which occur infrequently in tours. In a tour consisting only of 180° and 360°
transfers, most of the legs arc 360° transfers, with fcw 180c’ transfers. “1’our 6 contains one
1 t30° transfer and several 360° transfers.

‘1’hc  type of flyby sequcncc typical ly used to rotate the orbit (alternating
ill[~o~llld/olltl>olrrld  flybys coupled with altcxnating increase and dccmasc in period) cannot be
used in a tour consisting only of 180° or 36(Y’ transfers. I’he transfer angles in such
scque.nccs  arc not near 1800  or 360°. In tours containing orlly 1800 or 3600 transfers, most of
the orbit rotation results from the few 180° traasfe] orbits, each of which can accomplish over
90° of rotation. A tour containing two 180° transfers covers about half the magnctosphcrc,
with most of the coverage taking place during the I r.lativcly  shor[ amount of time spent on the



two 180° transfer legs. Transfers of 360° accomplish esscnti:illy  no net orbit rotation. (The
orbit is rotated as a consequence of any change in inclination, hut its orientation is returned to
tbc original value if inclination is reduced to its ori[:ina]  v:iluc.)

‘l”ours  of OUIy 1800  or 3600 transfers do permit cxplo[ation of the full range of
inclinations.

Use of broken-plane maneuvers

1 Iow much must inclination be. raisecl  in c~rdcr to avoid the horseshoe and tadpole
zones, and what is the AV cost of doing so? A sanq)lc trajectory leg (the lcg from Titan 19 to
Titan 20 of tour 2) was investigated in order to obtain preliminary estimates of the answers to
tbcsc questions. Titan 19 is inbound, and Titan 20 is outbound, with two pcriapse passages
and onc apoapse passage between them. The orbital period is 39.1 days. Without a maneuver
to change inclination, four crossings of Rhea’s and four of IJionc’s horseshoes totaling 145
minutes occur on this leg. Rhea’s tadpole is crossed twice, for a total of 10 minutes. The
results of the investigation arc shown in FiSure 9. IIlclination  must bc raised to about 0.5° to
c]iminatc tadpole zone crossings, which costs about 10 nl/s. IIoth horseshoe and tadpole
crossings can bc eliminated by raising inclination to about 2°, which requires an expenditure
of 40 to 50 01/s.

What is the AV expenditure for each sanlplc tour if broken-plane maneuvers are
aclclcd to completely avoid the icy inner satellites’ Ilorscshoc and tadpole zones for the entire
tour? I;igurc 6 shows that for tour 1, there are 13 revolutions on which crossings of the inner
icy satellites’ 7.ones occur, rcprcscntcd by the 13 vertical bars 01) the horseshoe plot, (Since
the tadpole regions arc embedded within the horseshoes, tadpole crossings occur only on legs
in which horseshoe crossings occur. ) Two of thcsr.  Ic.gs contain crossings of much shorter
duration than the otbcr 11. If wc assume a 40 Ln/s maneuver is needed on each of those 11
legs and a 20 m/s maneuver is needed on the two legs with short-duration crossings, the total
AV cost is 480 m/s for 1.

= 1 4 0
2w 1 2 0 -

-—.. -..-. —..

.. 80.
.-
; :::_

*o

-3 -2 -1 0 1 2

InclinatioI~  (deg.)

Figure 9 Horseshoe time, tadpole time, and AV vs. inclination for sample kg
(tour 2, leg 19)

Alternatively, a strategy of avoiding only tbc inner icy satellites’ tadpo]c  regions
could bc chosen. Crossings of these regions occur on 1() legs in tour 1. An estimated ] O ntis
is required to avoid the crossings on each of these legs,  for a total of 100 m/s.



“]’ab]c 7 shows rcsulls  calculated for the the. OthC1  salnplc tours in a similar fashion.
Although [hcse AV estimates are prelimin:iry,  it is clear’ that (}IC  AV COSI of using [lr~ken.
plane maneuvers to keep inclination near the minimum value nmde.d to clear all horseshoe
and tadpotc z,oncs is cxpcnsivc, perhaps prohibitive,

Another strategy is to avoid both the horseshoes and ta(ipo]cs  of the inner icy
satclli(es for only the first  two years while evaluating the deb]is  hazard in-situ, ins(ead of
commit~ing  bcfol-chand to avoiding them for lhe entire tour’. listin~a(cs  of AV costs  10 do this
for the sample tours are also shown in Table 7.

Table 7
ESTIMATES OF AV COST IN M/S TO AVOID HORSESHOES & TADPOLES OF

INNER ICY SATELLITES
(HS=horseshoe, TP=Tadpole)

Avoid for entire tour Avoid for Ist 2 yr .
TOUR HS+TPTP only HS+TP TP O.njy———

480 100 220 40
$ 260 40 Go ‘ 10
3 280 20 60 10
4 340 0 160 20
5 400 60 ?60 40
6 160 10 60 ‘ 10

* Repeated crossings of Dione’s  horseshoe betweerl  T5 and T6 because one of the two nodes is at
Dione’s  orbit. These crossings can be eliminated by using a cliff ercnt  period/ periapse combination on

that orbit, requiring no AV expenditure.

“1’ours  2, 3 and 6 illustrate a str:itcgy  which avoids the inner icy satellites’ horseshoes
ancl taclpoles  for the first two years at comparatively low AV cost. IIroken-plane  maneuvers
arc nccdcd  only to eliminate the crossings represented by the f]rst two vertical bars in the
horseshoe plots of I;igurc  7, associated with the T? and ‘1’3 flybys. These crossings occur as
inclination is lowered to near the equator to allow lhc spacecraft to lIop from an inbound to
an outbound Titan flyby, In both of these tours, the spacecraft slmnds  the rest of the tlrst two
years at high inclinations, using 360° transfers tc~ raise and IOWCI inclination (and, in the case
of tour 6, to SC( up the conditions rcc]uircd to acco]nplish  the. 1800 tI-ansfcr). A 180° transfer
allows us to avoid horseshoe and tadpok  zones early in the tour at low AV cost while
accomplishing substantial orbit rotation. No net orbit rotaliorl is accomplished by Titan
flybys if only 3600 transfers are usecl.

AVOIDING TITAN’S ZONES

Avoiding ~’itan’s  horseshoes and iadpoles is not always feasible, because one of the
spacecraft’s orbital nodes must always be near Titan’s orbit ill order to be able to achieve a
high number of ‘1’itan flybys in the tour. Ncvcrthelcss,  some c1 ossings  of Titan’s zones occur
in near-cqu:itorial orbits, f:ir from a node, These can be e.liminatcd  using the strategies
discussed above ( 180°/3600 transfers, broken-plane maneuvers) to increase inclination.

7’I)c Icg bctwccn Titan 9 and Titan 11 of tom 1 shows how sc)me Titan zone passages
can bc avoided and sc)nlc cannot. Titan 9 is inbound and l’itan  I 1 is outbound, with more
than two comptcte revs between them. This Icg is near-equatorial, with an inclination of 0.3°.
I;our ‘1’itan horseshoe passages occur (one inboun(l  and one outbound on each of the two
complctc revs bc~wcen Ihc flybys). We can climinalc the two outbound horseshoe passages by
using ‘1’itan 9 to increase inclination [ind adding a broken-plane maneuver at the second
apoapsis  af[cr Titan 9. I Iowc.vcr, in doing so, we cstab]ish a node at the point in ‘1’itan’s  orbit
where the l’i[an 9 flyby takes place (i.e., inbound, on the spacecraft’s orbit). The spacecraft



passes through l’itan’s horseshoe al that point twi~cbcfo~c the maneuver changes its orbit,
targeting to Titan 11. If instead we place the maneuver at the first post-Titan 9 apoapsis,  wc
establish the node outbound, preserving the outbou]ld horseshoe passages but eliminating the

inbound ones. Selected events on this leg arc listed in Table 8.

Table 8
SELECTED EVENTS BETWEEN TITAN 9 AND TITAN 11, TOUR 1

Event True Anomaly [vent I!!ue -.Amo.rn aly
Titan 9 –131° 1 itan horseshoe 131”
Periapsis o“ A p o a p s i s 180”
A p o a p s i s 180° 1 itan horseshoe - 1 3 3 °

Titan horseshoe – 1 3 3 ° F ‘eriapsis 0°
Periapsis 0° 1 itan 11 128°

}kcause  the radii of ‘1’itan’s  zones are large.r than those of the icy satellites, brokcn-
plarre maneuvers must be larger to avoi(i them (in cases where they can bc avoided). About
60 m/s is needed to avoid Titan’s horseshoe; about 30 m/s is needed to avoid Titan’s tadpole.

l’hc number of crossings of Titan’s tadpoles at high irlclination  can bc minimized by
minimizing the number of tirncs  the spacecraft travels more than three revolutions between
Titan flybys (see Table 6). This could mean reducing the number of equatorial Saturrl/ring
occultations in the tour. in the sample tours, legs of five revolutions between flybys are used
to obtain five such occultations (one per spacecraft revolution) after establishing the
inclination which yields occultations. If wc reduce the number of spacecraft revolutions to
three, we achicvc only three occultations,

‘1’itan’s  tadpole zones cannot be completely avoided unless inclination is limited to
about 65° or less. In general, the lower the orbital period, the higher the maximum inclination
which can bc achicvccl.  Given the constraint that pcriapse must be greater than 2.7 RS, the
lowest orbital period achievable with three spacecraft revolutions is 10.6 days (t}lrec
spacecraft revolutions : two Titan revolutions) which limits us to this maximum inclination.
Higher inclinations can only be achieved at lower 01 bital  periods which necessitate more than
three spacecraft revolutions between flybys. Inclinations of 70°-800 are typically achievecl  at
orbital periods of 7.1 days (nine spacecraft revolutions : four Titan revolutions). The
relationship bctwccn  period and maximum inclination is discussed in greater detail in Ref. 19.

Table 9 presents SOIIIC rough guesstimates of how IllLICh tllc amount of time spcn( in
‘I”itan’s horseshoes and tadpoles could be reduced by applying the. above methods for the
sample tours.

Table 9
PRELIMINARY ESTIMATE OF POTENTIAL REDUCTION IN TITAN

HORSESHOE AND TADPOLE ZONE EXPOSUF{E (WITH AV NEEDED TO
ACHIEVE REDUCTION)

HORSESHOES &s:)
Time

m A!Urn-J!Q E l i m i n a t e d  !lem~n_im
1 540 44 189
2 120 21 68
3 240 16 179
4 420 36 90
5 480 32 138
6 240 24 195

TADPOLES (hrs.)
Time

AV (m/s] ~liminated
180 16
60 3

0 4

0 4

Remaining
26
4
26
11
18
41



,

CONCLUSIONS

Analysis of the restr icted three-body ]Iroblcm produces regions sl)apcd  li~c

horseshoes and taclpo]es  along the satellites’ orbi(s  within which particles can be trapped.
Voyager observed three objects trapped near the orl)its  of ‘1’ethys and Dione;  however, ii(tle is

known about the actual debris populations of horseshoe or tapdole zones. In six sample
~assini tours evaluated using hoinmgcneous pal-l  iclc densi ty Inodcls for the E r ing,  the
probability of an impact with a particle trapped in onc of these. Z.M]CS  causing mission failllrc
or significant degradation was found to be negligible. However, continuing efforts are being
mactc to model particle sizes in horseshoe and tadpole regions using microsignatl]rcs,
tllcorctical  analysis, and edge-on ring observations.

in recognition of (1]c large uncertainties in the particle models, strategies of avoicling

these zones were explored. l’hc amount of time the spacecraft spends in these regions
depends strongly on orbital geometry in the tour. Large reductions in the time spent in the
inner icy satellites’ zones can be accomplished by keeping inclination above about 2°, using
360° or 180° transfers, or broken-plane maneuvers (for transfer angles  of other than 180° or
3600). ‘f’hc necessity of encountering, Titan frequently makes avoiding Titan’s zones
impossible in many cases. However, Titan lies outside the 1~ ring, which is the presumed
source of most particles of concern. Tradcc)ffs  associated with avoicling  these zones involve
model unccrtaintics, tour strategies, science observations, and AV cost. These tradeoffs must
be evaluated carefully, and efforts to rcclucc model uncertainties should be undertaken when
possible.
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